INTRODUCTION
Polyphenols are produced as secondary metabolites in plants and are consumed as part of a normal diet by humans [1] . Dietary polyphenols are found in fruits, tea, vegetables, and wine, and are mostly derivatives and isomers of flavonols, catechins and phenolic acid [1] . Polyphenols are documented to have multiple properties including antioxidant [2] , antiinflammatory [3, 4] , anti-atherosclerosis [5] and anticancer activities [6] [7] [8] .
Among dietary polyphenols, resveratrol (3,4',5-trihydroxy-trans-stilbene), found in the skin of grapes, blueberries, raspberries and mulberries [9] , is known to be effective against bacterial and fungal infections [10, 11] , cardiovascular diseases [12] , metabolic diseases [13] , and cancer [14] [15] [16] . Resveratrol has also been reported to show anti-inflammatory effects [17] , inhibit lipid peroxidation [18] , and activate free radical scavenging [19] , further supporting the evidence in the favor of the antioxidant activity of resveratrol. In addition to the anti-neoplastic effect of resveratrol [20] , resveratrol could be used along with irradiation and chemotherapy for cancer therapy [21] , thus enabling its supplementary use with chemotherapy in cancer patients.
In this study, we investigated the anti-cancer effect of TSA, a novel resveratrol oligomer isolated from B. flabellifer L.. Scirpusin A is a hydroxystilbene dimer from Xinjiang wine grapes with anti-obesity and anti-adipogenic activity, and with inhibitory effects on amyloid-β aggregation [22] and a protective role against DNA damage by singlet oxygen [23] . Scirpusin B is a piceatannol dimer obtained from passion fruit (Passiflora edulis) seeds and has vasorelaxing and anti-HIV effects [24] . The biological effect of TSA, however, has not yet been documented, and therefore, we studied whether TSA has anti-cancer activity both in vitro and in vivo.
RESULTS

TSA inhibited the growth of colorectal cancer cells
To study the anti-cancer effects of TSA, we assessed the effect of TSA in the syngeneic tumor transplant model of Her2/CT26 cells in which human Her-2/neu (Her2) was the tumor-associated antigen. In mice with the Her2/CT26 transplant, administration of TSA delayed tumor growth compared to that in mice treated with a vehicle ( Figure  1A) . Similarly, tumor weight significantly decreased when TSA treatment was given to mice ( Figure 1B) .
To investigate whether TSA treatment enhanced anti-tumor immunity, we determined the level of Her2-specific CTL activity. BALB/c mice were subcutaneously (s.c.) injected with Her2/CT26 cells and Her2-specific lysis of hp63 (TYLPTNASL) peptide-pulsed target cells in vivo (Figure 2A ). Although there were some CTLs against Her2, TSA treatment did not significantly alter the level of Her2-specific CTLs. However, the level of TNF-α mRNA, which may be critical for the induction of apoptosis in Her2/CT26 cells in vivo, was significantly increased in tumor tissues of TSA-treated mice compared to vehicletreated mice ( Figure 2B ). We next assessed whether TSA administration in mice could enhance the amount of tumor-antigen-specific Ab production. To test this, we obtained sera from tumor-bearing mice treated with either TSA or vehicle. Abs generated in tumor-bearing mice were diluted as indicated and the specific binding of anti-Her2 Abs on the surface of Her2/CT26 cells was analyzed using flow cytometry analysis. Sera from tumor-bearing mice treated with TSA had higher MFI (mean fluorescence intensity) than vehicle-treated mice at 1:250 serum dilution, suggesting that Her2-specific Ab production was increased by TSA treatment ( Figure 2C ). These results suggest that TSA could inhibit the growth of colorectal cancer by enhancing several factors responsible for antitumor immunity.
TSA loosens tumor suppressive microenvironment by decreasing CD4 + Treg and myeloid-derived suppressor cells
Previously, we and others have shown that MDSCs, consisting of neutrophilic and monocytic cells, are present in the tumor microenvironment and are involved in tumor progression [25] . Therefore, we assessed the population of CD11b Figure 1) , rather than the direct inhibitory effects of TSA Figure 2A) . In addition, we could find that the number of Treg cells expressing CD4, CD25, and FoxP3 were decreased in tumor tissue by TSA treatment (Supplementary Figure 2B) . Collectively, these results suggested that TSA could inhibit the growth of colorectal cancer by loosening the immune-suppressive microenvironment.
TSA directly induces autophagy in tumor cells
It was recently reported that some polyphenolic compounds induced autophagic cell death [26] . We, therefore, decided to test whether TSA could also induce autophagy in cancer cells. Her2/CT26 cells were treated with TSA for 24 h and cells were stained with Abs against LC3. With the use of confocal microscopy, we detected an increased level of LC3 puncta (green color) in cells treated with TSA compared to those treated with vehicle ( Figure 4A ). TSA treatment increased conversion of LC3-I to LC3-II in Her2/CT26 cells compared to cells treated with vehicle alone ( Figure 4B ).
The cumulative data suggest that polyphenolic compounds, including resveratrol, induce autophagy by regulating multiple signaling pathways involving AMPK and mTORC1. Therefore, we tested whether TSA induces autophagy through activation of AMPK or inhibition of mTORC1. As expected, TSA induced p-AMPK (T172) levels in a dose-dependent manner ( Figure  4C ). Remarkably, TSA completely inhibited mTORC1 activity as estimated by the p-p70S6K levels at the TSA concentrations tested ( Figure 4C ). These results suggest that TSA-mediated AMPK activation and inhibition of mTORC1 pathway might be associated with autophagy induction.
TSA induced tumor cell death
Because excessive autophagy can lead to cell death, we tested whether autophagy induction by TSA is associated with increased cell death. Her2/CT26 cells were incubated with TSA and cell viability was determined. The results show that TSA significantly decreased the viability of Her2/CT26 cell when treated with 12.5, 25, and 50 μM /ml of TSA for 24 h ( Figure 5A ). When the DNA content of tumor cells was monitored, TSA-treated cells had
Figure 4: TSA induced autophagy within tumor cells. (A)
Her2/CT26 cells were treated with TSA and stained for LC3 using Abs, followed by addition of Alexa Fluor 488-conjugated goat anti-rabbit IgGs (shown in green). Cells were stained with DAPI to visualize the nuclei (shown in blue) and then analyzed for LC3 using confocal microscopy. (B) The conversion of LC3-I to LC3-II was assessed in TSA-treated Her2/CT26 cells using Western blots. (C) The protein levels of phosphorylated-AMPKα, AMPKα, phosphorylated p70S6K, p70S6K, and α-tubulin were assessed by western blot. www.impactjournals.com/oncotarget increased percentages of cells in the sub-G1 phase, in a dose-dependent manner, after 24 h of incubation ( Figure  5B ). The fragmentation of DNA, detected by the increased level of the sub-G1 phase of the cell cycle, could be an indicator of apoptotic cell death [27] . Furthermore, we found that TSA treatment induced a significant reduction of cells at the S-phase with cell cycle arrest at G1 phase ( Figure 5B Figure 5C ), suggesting that TSA induced apoptotic cell death in Her2/ CT26 cells. In addition, there was an increase in the number of TUNEL-positive cells when TSA treatment was administered compared to cells treated with vehicle alone, suggesting that TSA treatment increased apoptotic cell death ( Figure 5D and 5E). We also checked the level of TUNEL-positive cells in tumor tissues of vehicle-or TSA-treated mice. Mice were s.c. inoculated with 2x10 5 Her2/CT26 tumor cells, and TSA was started to be given intraperitoneally (10mg/kg) for 3 times per every week as the average tumor volume reached 100 mm 3 for 2 weeks. As a result, we could find that the number of TUNELpositive cells was highly increased by the TSA treatment (Supplementary Figure 3) , suggesting that apoptotic cell death was increased by TSA treatment.
Collectively, the results indicate that TSA could directly inhibit tumor growth by causing autophagy activation and apoptotic cell death. In turn, the immunogenic death of tumor cells could reduce the number of tumor suppressive immune cells and subsequently favor the induction of anti-tumor immunity.
Combined treatment of TSA with docetaxel shows additive anti-cancer effect
Docetaxel is a well-characterized anti-neoplastic drug currently used for the treatment of several solid tumors including colon cancer and breast cancer [28] . We assessed whether the combined treatment of TSA with docetaxel could increase the anti-cancer effect of docetaxel. When the tumor size reached 50-100 mm 3 , BALB/c mice were s.c. injected with 2×10 5 Her2/ CT26 cells and treated with (1) TSA, (2) docetaxel, or, (3) TSA combined with docetaxel. We found that the intravenously (i.v.) injection of docetaxel alone could significantly inhibit tumor growth compared to vehicletreated mice ( Figure 6A ). We also confirmed that TSA treatment alone also showed significant antitumor effect. Furthermore, we showed that the combined treatment of mice with docetaxel and TSA successfully inhibited tumor growth to a greater extent than docetaxel alone ( Figure  6A ), and this finding was supported by the reduced tumor weight at the end of the treatment ( Figure 6B ). Taken together, these data demonstrate that TSA exhibits direct anti-cancer effects and that these effects can be further strengthened by co-administration of docetaxel.
DISCUSSION
Scirpusin A is a hydroxystilbene dimer and was first isolated from the rhizoma of Scirpus fluviatilis (TORR.) A. GRAY (Cyperaceae) together with scirpusin B, resveratrol, and 3, 3', 4, 5'-tetrahydroxystilbene [23] . It has therapeutic potential for the treatment of Alzheimer's disease because of its inhibitory effects on amyloid-beta-peptide aggregation and its beta-secretase inhibitory activity [22] . Scirpusin A also possesses the ability to quench singlet oxygen and DNA protective activity [23] . Scirpusin B, on the other hand, is a dimer of piceatannol (3,3',4,5'-tetrahydroxy-trans-stilbene), a hydroxylated analog of resveratrol, and known to have vasorelaxing activity [24] . As shown in the Supplementary Figure 4 , trans-scirpusin B has one more hydroxyl group in the phenyl ring as compared with the structure of TSA. Hence, this structural difference seems to make difference in bioactivity. Recent studies suggest that both scirpusin A and scirpusin B have anti-adipogenic and anti- obesity potential. However, the anti-neoplastic activity of scirpusin A has not been reported.
In the current study, we used TSA isolated from Borassus flabellifer L.. Because TSA is a polymeric form of resveratrol, we assumed that TSA shares some biological activity with resveratrol, and specifically anti-cancer activity. It was also known that resveratrol showed anti-tumor effect via inhibition of carcinogenic activation, induction of apoptosis, and attenuation of pro-inflammatory signaling associated with cancer progression [29] . On the contrary, the current study is the first report suggesting the anti-tumor effect of TSA. Our result suggests that TSA induced autophagy activation and apoptotic cell death. We presume that activation of AMPK might associate with the induction of apoptosis as well as autophagy activation. Interestingly, a recent paper showed that resveratrol could increase the sensitivity of pancreatic cancer cells to gemcitabine by activating AMPK [30] . In our study, likewise, we also found that the combined treatment of TSA with docetaxel increased their synergistic anti-cancer activity in colon cancer cells in vivo. Because AMPK activation is also associated with autophagy activation, we could not determine whether the antitumor effect was dependent on AMPK activation or autophagy-induced apoptosis. Autophagy-induced cell death is a cell-intrinsic mechanism to remove abnormal cells under excessive stress. Rapidly proliferating tumor cells under hypoxic conditions undergo autophagy activation to survive. However, unabated activation of autophagy sometimes results in apoptotic cell death. Thus, by inducing unrestrained autophagy in tumor cells, we can expect anti-cancer activity. In this regard, TSA could elicit apoptosis in cancer cells, similar to resveratrol, by inducing autophagy. Although we showed that TSA induced autophagy activation and apoptosis in colon cancer cells, there could be other mechanisms than autophagic cell death to induce cancer cell death, which include necrosis and necroptosis.
To address whether docetaxcel (Doc) could induce autophagy activation as TSA did, we also confirmed the levels of LC3s in Her2/CT26 cells. The level of LC3-II was increased by TSA, but not by docetaxcel (Supplementary Figure 5A) , suggesting that docetaxcel might not induced autophagy activation in the concentration we tested. We also assessed the cell viability after treating cells with TSA with or without chloroquine (CQ), which inhibits autophagy by inhibiting fusion of autophagosome with lysosome. We found that treatment of colon cancer cells with CQ inhibited cell death triggered by TSA (Supplementary Figure 5B) .
It is difficult to completely remove all residual cancer cells by chemotherapy. In the current study, we propose the use of TSA as a supplementary treatment to enhance the anticancer effect of docetaxel by inducing cancer cell death via the autophagy activation and apoptosis induction.
MATERIALS AND METHODS
Cell line and mice
Murine CT26 colon cancer cells expressing human Her-2/neu (Her2/CT26) were used for in vitro and in vivo studies [25] . Her2/CT26 was maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic solution. Wild-type inbred BALB/c mice were purchased from KOATECH Bio (Pyeongtaek, Korea). Mice used were between the ages of 6 and 7 weeks. Mice were maintained under specific pathogen-free conditions within the experimental facility at the animal center of Kangwon National University (KW-140811-2). To establish tumors, 2×10 5 Her2/CT26 tumor cells were injected s.c. into the left flank of BALB/c. Tumor growth was measured with calipers 3 times per week. Ten mg/kg TSA was administered via i.p. injection 3 times per week and 20 mg/kg docetaxel was given intravenously (once a week until the tumor volume reached 50-100 mm 3 ).
Preparation of TSA
TSA was isolated from the roots of Borassus flabellifer L.collected in Cambodia. Briefly, the dried roots of B. gomutus (1.4 kg) were extracted with 100% MeOH and evaporated in vacuo, yielding 81.7 g of crude extract. The crude extract was partitioned with EtOAc, BuOH, and water, and the different fractions were collected. The EtOAc-soluble extract (25.6 g) was separated using chromatography on a silica gel column with a gradient mixture of chloroform and methanol (100:1 to 1:1) and produced 18 sub-fractions (AP01-AP18). Among them, fraction 10 was further fractionated using medium pressured liquid chromatography (MPLC) and a gradient solvent of methanol and water (25:75 to 100:0) into 10 subfractions (AP1001-AP1010). In AP1010, crude precipitates were obtained and then recrystallized (MeOH) to yield TSA. The structure of TSA was confirmed by comparing NMR and MS data of the precipitate with published data [31] .
Cell viability assay
Cell viability was measured using the CCK-8 (cell counting kit-8, Dojindo, Gaithersburg, MD) as previously described [32] . Her2/CT26 cells were seeded at a concentration of 2×10 5 cells/well in 96-well plates and incubated for 24 h at 37°C with 5% CO 2 . The next day, cells were treated with indicated concentration of TSA. After incubation for 6 h and 24 h, Her2/CT26 cells were washed with PBS, 10 μl CCK-8 solution were added to each well and plates were incubated for another 4 h at 37°C with 5% CO 2 . Cell viability was determined by reading absorbance at 450 nm using a SpectraMax I3 microplate reader (Molecular Devices, Palo Alto, CA) with a reference absorbance at 620 nm to correct for nonspecific background values.
In vivo cytotoxic T lymphocyte assay
The in vivo cytotoxicity was assessed as described elsewhere [25] . Briefly, syngeneic splenocytes were divided into equal numbers and either loaded with 1 μg/ mL of cytotoxic T lymphocyte (CTL) epitope peptide (human HER2/neu p63 [TYLPTNASL]) or left unpulsed. Peptide-pulsed cells (CFSE high ) were labeled with 20 μM chloromethyl fluorescein diacetate succinimidyl ester (CFSE; Invitrogen, Carlsbad, CA) and unpulsed cells were labeled with 2 μM CFSE (CFSE low ). Equal numbers of CFSE high and CFSE low cells were mixed and injected intravenously (i.v.) into groups of mice. After 24 h, the splenocytes from treated mice were analyzed using flow cytometry to assess antigenic peptide-specific target lysis. The specific lysis was calculated as follows: r (ratio) = (% CFSE high /CFSE low ) and % lysis= [1-(r unpulsed /r pulsed )]x100.
Quantitative real-time PCR
For real-time PCR analysis, total RNA was isolated from tumor tissue using the RNA Extraction Mini kit (Qiagen, Germany) and reverse transcription was performed using the cDNA Synthesis Mini Kit (iNtRON, Korea) as previously described [33] . The quantitative real-time PCR was carried out using THUNDERBIRD 
Flow cytometry
Cells were collected from the spleen of mice and stained with the following Abs: fluorescein isothiocyanate (FITC)-conjugated anti-CD11b, and, phycoerythrinCy7 tandem-conjugated anti-Ly6G. After staining, cells were analyzed for their expression of CD11b and Ly6G. Regulatory T cells were stained with the following Abs: anti-CD4-FITC, anti-CD25-PE, anti-FoxP3-APC All Abs used for flow cytometry analysis were purchased from BD Biosciences (San Jose, CA). Ab response analysis was performed as described previously [34] . To evaluate Her-2/neu-specific Ab production, the amount of murine Ab binding to Her2/CT26 cells was determined using flow cytometry. Briefly, Her2/CT26 cells were stained with diluted sera containing anti-Her2 polyclonal Abs, and then FITC-labeled goat anti-mouse IgG Abs (BD Bioscience, San Diego, CA) were added to detect cell-bound murine IgG. The number of cells undergoing apoptosis was determined using an Annexin V/ Propidium iodide (PI) apoptosis kit (BD Biosciences, San Diego, CA). For Annexin V/PI staining, cells were harvested, washed twice with cold PBS and then resuspended in 1X binding buffer at a concentration of 1×10 6 cell/ml. Annexin V-FITC conjugate and PI solution were added to the cells, gently vortexed, and incubated for 15 min at RT (room temperature) in the dark. Cells were read using FACSVerse (BD Bioscience, San Diego, CA) and the data were analyzed using BD FACSuite software application.
Staining for apoptosis using TUNEL assay and confocal microscopy
Apoptotic cell death was determined using the TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay kit (Chemicon, Billerica, MA) following the manufacturer's instructions. For autophagy analysis, cells were fixed with 4% paraformaldehyde for 10 min at RT (room temperature). Cells were stained with anti-LC3 Abs (Cell Signaling Technology, Danvers, MA) and incubated overnight at 4°C. After washing with PBS 3X, anti-rabbit IgG Abs conjugated with Alexa Fluor 488 (Abcam, Cambridge, MA) were added and incubated for 2 h at RT. Nuclei were stained with DAPI (4',6-diamidino-2-phenylindole) and cells were analyzed using confocal microscopy (SM880 with Airyscan, Zeiss, NY).
Western blot analysis
Cells were appropriately treated, and total cell lysates and nuclear extracts were prepared as previously described [35] . Total protein lysates from cells were prepared by sonicating cells in lysis buffer (iNtRON, Korea). Equal amounts of lysates were boiled at 100°C and resolved by 10-12% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA) and then blocked with 5% milk in Tris-buffered saline and 0.1% Tween 20. The membranes were incubated overnight with primary Abs against LC3, AMPKα, phosphorylated AMPKα, p70S6K, phosphorylated p70S6K, and β-actin (all from Cell Signaling Technology, Danvers, MA), and proteins were detected with goat-anti-rabbit Abs conjugated with horseradish peroxidase (HRP) (Cell Signaling Technology, Danvers, MA). Proteins were detected using the enhanced chemiluminescence (ECL) method with femtoLUCENT 
Statistical analysis
GraphPad prism software (GraphPad, La Jolla, CA) was used for statistical analysis. Student's t-tests were used to compare mean values between 2 groups, while a one-way analysis of variance with Tukey's HSD post-hoc test was used for comparisons among more than 2 groups. Values of P < 0.05 were considered significant.
Abbreviations
TSA: trans-Scirpusin A; CTLs: cytotoxic T lymphocytes; MDSCs: myeloid-derived suppressor cells; Treg cells: regulatory T cells; AMPK: AMP-activation protein kinase.
